Introduction
Lake Baikal in Eastern Siberia is the largest freshwater lake in the world by volumecontaining about 20% of the world's liquid fresh water --as well as being the deepest (>1.5km at maximum) and oldest (~70 My) lake on Earth. A World Heritage Site since 1997, Lake Baikal is known as the "Galapagos of Russia" as it is home to a large number of endemic taxa. The unique fauna of the lake includes 350 described endemic species of amphipod in seven families.
These likely represent radiations following two separate invasions into the lake from the surrounding watershed, with close phylogenetic affinities to gammarids found across the Holarctic (MacDonald et al. 2005; Väinölä et al. 2008) . As with other groups showing high levels of endemism in Lake Baikal (e.g., gastropod molluscs, ostracod crustaceans, flatworms, and sculpins), the diversification of amphipods is thought to be associated with the physical isolation, old age, and extreme depth of the lake (MacDonald et al. 2005 ).
The Lake Baikal amphipod assemblage is remarkably diverse morphologically, genetically, and ecologically, including not only benthic species, but also the specialized pelagic D r a f t 4 Among amphipods, spiny bodies are thought to be associated with cold, low-energy environments (Martens 1997; Chapelle 2002) , a manifestation of the generally observed pattern of larger body size associated with colder climates in a wide range of taxa known as Bergmann's Rule (Meiri and Dayan 2003; Walters and Hassall 2006) . At the genomic level, there is evidence from various animal taxa, including amphipods, that species inhabiting polar regions possess larger genomes than their temperate counterparts (Rees et al. 2007; Dufresne and Jeffery 2011) . Rees et al. (2007) suggested that the large genomes of marine arctic amphipods are the result of a-(adverse) selection, an extension of K-selection, and it is possible that large genomes exist in
Baikal amphipods due to environmental similarities between deep lakes and the polar oceans (Martens 1997 ).
With such morphological and genetic disparity, changes in genome size itself may have accompanied speciation in some groups, and have likely accompanied changes in life history.
Selective pressures for larger body size or more rapid development can lead to changes in genome size through the relationship between a larger genome requiring a larger cell to contain it, known as nucleotypic selection (Commoner 1964; Gregory 2001) . Genome size has been found to correlate positively with body size in copepods (Gregory et al. 2000; Wyngaard et al. 2005 ) and amphipods (Hessen and Persson 2009) , and this relationship exists due to larger genomes being contained within larger cells, which will lead to larger body sizes in organisms with determinate growth. Due to high variation in microhabitat (especially depth) in Lake Baikal, different selective pressures at different depths may have allowed for expansion or contraction of the genome over evolutionary time.
Here we conduct the first investigation of genome size diversity for nearly 10% of Lake Baikal's known amphipod species, and use phylogenetically independent contrasts to examine D r a f t the relationships between genome size, body size, and maximum depth. We also examine the relationship between genome size and diversification rate across a current phylogeny.
Methods

Ethics statement
All necessary permits for collecting and handling amphipods were obtained from the respective agencies. All animals were cared for according to the Guide for the Care and Use of Experimental Animals.
Specimen collection
Specimens were collected in the 2012 and 2013 field seasons by dip net sweeps at depths 0-0.5 m, by shallow (15-100 m) and deep (400-500 m) traps baited with fish (Coregonus sp.) and chicken bones, by scuba diving (5-25 m), and by plankton net tows from 100m to surface for the planktonic species Macrohectopus branickii. Specimens were preserved either by flash freezing in liquid nitrogen or by storing in 95% ethanol for short periods of time. Jeffery and Gregory (2014) have shown that crustacean tissues preserved in ethanol for up to one year at room temperature still provide accurate genome size estimates relative to frozen samples. All specimens were identified according to Bazikalova (1945) .
Genome size estimation
Genome sizes were estimated using Feulgen image analysis densitometry (FIAD) for all species in this study. For FIAD, gill tissue was removed from each specimen and disrupted mechanically in 40% (v/v) acetic acid on a glass microscope slide until no large pieces of tissue remained. The suspension was then covered with a coverslip and compressed with clothespins, and then each slide was frozen on dry ice with the clothespins still attached. After several D r a f t 6 minutes, the coverslip was flipped off the slide using a razorblade, and the slides were then immersed in 95% ethanol for 1 minute before being allowed to air dry. All slides were then stained according to Hardie et al. (2002) As an additional check, genome size was also estimated using flow cytometry (FCM) for five species. FCM was only used for frozen specimens, where legs were removed and crushed using a glass pestle in 500µl ice-cold LB01 buffer (Doležel et al. 1989 ). Blood from chicken or rainbow trout was added to each sample tube and the cell suspensions were filtered through a 30µm nylon filter, and then treated with 3µl (6µg/ml) of RNase and 12 µl (24µg/ml) propidium iodide. Each sample was stained in the dark on ice for 1 hour. Samples were analyzed on a FC500 flow cytometer (Beckman-Coulter) using a 488nm blue laser operating at 22mW. A minimum of 1500 nuclei per sample was obtained and all CVs were <10% (Supplementary Figure 1) . Three to five pseudoreplicates were run per individual.
Phylogeny construction and statistical analyses
The maximum body length for each species was measured from the largest collected individuals or taken from the literature. Maximum depths (in metres) that each species inhabits were taken from Bazikalova (1945 from a normal distribution (p<0.0001, p=0.004, p<0.0001 respectively) and so the data were logtransformed. Phylogenetically independent contrasts (PICs) (Felsenstein 1985) were calculated for genome size, body size, and maximum depth in R using the ape package (Paradis et al.
2004).
The phylogeny of 66 Baikal species for which transcriptome data are available (Naumenko et al., in press ) was constructed by using alignments of 175 clusters of orthologs with 100% occupancy (i.e., with a single ortholog represented in all 66 species) by means of maximum likelihood (RAxML; Stamatakis 2014) with 1000 bootstrap replicates. To obtain these alignments, paired-end Illumina reads were filtered to remove mitochondrial sequences, and assembled de novo using Trinity (Grabherr et al 2011) , retaining all isoforms of a given locus for the further analysis. Assembled contigs were further checked for contamination and loci having isoforms with top hits against the NT database outside of Arthropoda were excluded.
The longest protein coding sequence for each locus was used for orthology inference using OrthoMCL pipeline (Li et al 2003) and orthologous protein-coding sequences were aligned with mafft (Katoh and Standley 2013) . The best fit substitution model was determined by jmodeltest2 (Darriba et al. 2012; Guindon and Gascuel 2003) and GTR+Г+I, the best scoring model, was used for phylogeny reconstruction. For the purpose of this study the resulting tree was trimmed to include only the species for which the genome size is available using drop.tip() function of ape R package (Supplementary Figure 2) . No polytomies existed in the tree and so 32 independent contrasts were calculated. A linear regression was then plotted using the PICs for D r a f t 8 genome size versus body size, and genome size versus maximum depth. PICs were run on both non-transformed and log-transformed data.
We then aimed to investigate a relationship between genome size and diversification rate.
The R packages phytools (Revell 2012) and geiger (Harmon et al. 2008 ) were used to test for phylogenetic signal of genome size using Pagel's lambda (Pagel 1999 ) across the phylogeny. We then divided the phylogeny into 12 clades (Supplementary Table 1 ) and estimated diversification rate as rate=log2(N)/T, where N is the number of described species (taken from Bazikalova 1945) and T is time since the clade's origin, which was measured as the clades' average branch lengths. We then regressed average genome size against estimated diversification rate.
Results
We estimated genome size for 36 species of amphipods from 19 genera and 7 families using FIAD and verified five of these estimates using FCM. Genome sizes estimated by FIAD ranged from 2.15 to 16.63pg (~8-fold variation). The FCM estimates were consistently higher (by ~9%) than the FIAD values (Table 1 ). The average genome size for the entire sample was 5.67 ± 2.52pg (mean ± standard deviation) which is lower than the average value of 8.72pg for the 27 species of amphipods previously included in the Animal Genome Size Database (Gregory 2016 (Figure 1 ) and between genome size and maximum depth (r 2 =0.31, p=0.0007 non-transformed; r 2 =0.38, p=0.0001 log-transformed) (Figure 2 ). Both relationships remained significantly positive even after removing the smallest contrast point which appears to anchor the regression.
No phylogenetic structuring of genome size was evident across the phylogeny (λ=6.61 -5 , log likelihood=-80.60, p=0.99). This suggests that the large variation in genome size evolved independently multiple times and across all clades within the phylogeny. However, genome size was significantly correlated with diversification rate for the 12 clades for which were able to obtain genome size and clade richness data (r 2 =0.44, p=0.018) (Figure 3 ).
Discussion
Here we conducted the first survey of genome size diversity of the amphipods of Lake Baikal, Russia and in the process more than doubled the number of amphipod estimates available in the Animal Genome Size Database (Gregory 2016) . We revealed nearly 8-fold variation in genome size across the 36 species of amphipods from Lake Baikal, representing approximately 10% of the known diversity of amphipods in this large, ancient lake. The mean genome size (5.67pg) is lower than the published average value (8.72pg) for amphipods in the Animal Genome Size Database, though this average is driven higher by the "genomic giants" discovered in the Arctic, as seen by an enormous standard deviation of 15.43pg (see Rees et al. 2007) .
No intraspecific variation in genome size was observed aside from a 9% increase in genome size observed when using flow cytometry relative to Feulgen image analysis. This difference may simply be due to experimental error and slight differences in the fluorescence Salemaa and Kamaltynov (1994) found little variation in chromosome number (n=26 or n=32 chromosomes for 13% and 39% of the described Baikal species and genera respectively, including 12 of the genera in the present study), suggesting that differences in genome size may be the result of some other process. This is likely to be the proliferation of repetitive DNA such as transposable elements, which are more abundant in larger genomes (Elliott et al. 2015a (Elliott et al. , 2015b . Investigation of the other 87% of described species for which chromosome data does not exist will provide further evidence to either support or reject polyploidy as a mechanism which explains the differences in genome size observed here.
We found significant positive relationships between genome size and body size, and between genome size and the maximum depths where the species are found, including when controlling for phylogenetic relationships among species. For example, the morphologically D r a f t unique, small-bodied and shallow-dwelling species Baikalogammarus pullis, which is the only extant species in its lineage, has the smallest genome size at 2.15pg, whereas all species considered as 'abyssal' (>500m maximum depth; Takhteev (2000)) had genome sizes greater than 7pg. The single planktonic species, Macrohectopus branickii, has an average genome size for the Baikal flock, though no meaningful comparison can be made between this planktonic species and the other benthic species. Genome size can correlate with body size due to the positive relationship between genome size and cell size, a pattern that has been observed in several invertebrate taxa, such as polychaete annelids (Gambi et al.1997 ) and other crustaceans including copepods (Gregory et al. 2000; Wyngaard et al. 2005 ) and amphipods (Hessen and Persson 2009) . A relationship between genome size and depth could exist due to differences in developmental rate, as species with larger genomes tend to develop more slowly due to longer cell division (Gregory 2002) . In plants, negative relationships have been found between altitude and genome size (Reeves et al. 1998 ) and latitude (Grime and Mowforth 1982; Rayburn et al. 1985) due to nucleotypic selection for faster development in these harsh environments. However, in crustaceans, larger genomes appear to be more common at higher latitudes in marine species due to the high stability and low-energy of the polar oceans which could eliminate the pressure for rapid development (Rees et al. 2007 ). Polar oceans share some similarities, including temperature regime and oxygen content, with deep, ancient lakes such as Baikal (Martens 1997) , and so a lack of selective pressure for rapid development could lead to expansion of the genome through transposable element proliferation in species at greater depths until this becomes too costly to replicate. For example, evidence in several species of gammarid amphipods suggests that the developmental time of a species is exponentially longer in colder temperatures (Steele and Steele 1973) . This is, in effect, the opposite pattern found in plants at high latitudes and D r a f t altitudes as a result of nucleotypic selection. However, further testing of this hypothesis is required.
A significant, positive correlation between genome size and diversification rate was observed among 12 clades from a recently constructed phylogeny based on assembled transcriptomes. While genome size is typically thought of as a physical property affecting phenotypic characters such as cell size, genomes that become larger through transposable element and repetitive DNA proliferation, gene duplications, and polyploidy may provide the raw genetic material to lead to speciation (see Kidwell and Lisch 2001; Kraaijeveld 2010 ). While we provide preliminary evidence of a relationship between genome size and diversification rate, an in-depth analysis of this correlation is required across taxa to determine the actual role of genome size in clade diversification.
Overall, selective pressures for larger body sizes or to transition to different habitats at different depths may have corresponded with changes in genome size, though it is difficult to say whether changes in genome size occurred before or after these changes in organismal life history occurred. Future genome size surveys of diverse faunae such as ancient lake crustaceans will be helpful in understanding both the evolutionary history of these groups, and how changes in genome size accompany changes in phenotypes, ecological lifestyles, and biodiversity. Figure S1 . An example flow cytometry histogram for the amphipod Eulimnogammarus verrucosus (B) relative to the fluorescent signal of chicken blood Gallus domesticus (A) with a reference genome size of 1.25pg. The channel 'FL3' is the fluorescence channel for propidium iodide which was used to stain the nuclei. D r a f t Figure S2 . A transcriptome-based phylogeny of Lake Baikal amphipods used to conduct phylogenetic independent contrasts in the present study. Provided by Naumenko et al. (in prep.) .
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